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(Background: Increased cellular O-GIcNAc levels decrease store-operated Ca®>* entry (SOCE), however, the mechanism is
not understood. STIM1 regulates SOCE, but effect of O-GlcNAc on STIM1 function is not known.
Results: Increased cardiomyocyte O-GlcNAcylation attenuated STIM1 puncta formation, SOCE and increased O-GIcNAc

Conclusion: O-GlcNAc modification of STIM1 plays a key role in regulating SOCE.
Significance: Protein O-GlcNAcylation regulates SOCE, a central Ca®™" signaling pathway.
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Store-operated calcium entry (SOCE) is a major Ca”* signal-
ing pathway responsible for regulating numerous transcrip-
tional events. In cardiomyocytes SOCE has been shown to play
an important role in regulating hypertrophic signaling path-
ways, including nuclear translocation of NFAT. Acute activa-
tion of pathways leading to O-GIcNAc synthesis have been
shown to impair SOCE-mediated transcription and in diabetes,
where O-GIcNAc levels are chronically elevated, cardiac hyper-
trophic signaling is also impaired. Therefore the goal of this
study was to determine whether changes in cardiomyocyte
O-GIcNACc levels impaired the function of STIM1, a widely rec-
ognized mediator of SOCE. We demonstrated that acute activa-
tion of SOCE in neonatal cardiomyocytes resulted in STIM1
puncta formation, which was inhibited in a dose-dependent
manner by increasing O-GlcNAc synthesis with glucosamine or
inhibiting O-GlcNAcase with thiamet-G. Glucosamine and thia-
met-G also inhibited SOCE and were associated with increased
O-GlcNAc modification of STIM1. These results suggest that
activation of cardiomyocyte O-GIlcNAcylation attenuates SOCE
via STIM1 O-GlcNAcylation and that this may represent a new
mechanism by which increased O-GIcNAc levels regulate
Ca®’*-mediated events in cardiomyocytes. Further, since
SOCE is a fundamental mechanism underlying Ca>* signal-
ing in most cells and tissues, it is possible that STIM1 repre-
sents a nexus linking protein O-GlcNAcylation with Ca®*-
mediated transcription.

* This work was supported in whole or in part, by the NHLBI, National Insti-
tutes of Health Grants HL104549 (to S. A. M.), HL101192 and HL110366 (to
J. C.C.); the Washington State University of Office Research (to S. A.M.),
and the Alabama Drug Discovery Alliance through the UAB CCTS
RR025777 (to J. C.C.and R. B. M.).

1 This article contains supplemental Fig. S1.

" To whom correspondence should be addressed: Division of Molecular and
Cellular Pathology, Department of Pathology, University of Alabama at
Birmingham, 1670 University Boulevard, Volker Hall G038, Birmingham, AL
35294-0019. Tel.: 205-934-0240; Fax: 205-975-7410; E-mail: jchatham@
uab.edu.

39094 JOURNAL OF BIOLOGICAL CHEMISTRY

In non-excitable cells, store-operated calcium entry
(SOCE),? also known as capacitative calcium entry (CCE), is
widely recognized as a major Ca>* signaling pathway responsi-
ble for regulating diverse transcriptional events (1, 2). The role
of SOCE in mediating Ca®>" signaling in excitable cells such as
cardiomyocytes is much less well accepted; however, in 2002,
Marchase et al. demonstrated for the first time the presence of
SOCE in neonatal rat ventricular myocytes (NRVMs) (3—5) and
subsequently in adult cardiomyocytes (6). They also found that
SOCE was required for activation of hypertrophic signaling
pathways including nuclear translocation of NFAT by IP;-gen-
erating agonists such as phenylephrine and angiotensin II. The
integration of SOCE into accepted models of Ca®>" homeosta-
sis, particularly in excitable cells, was hampered for many years
by the lack of specific molecular effectors; however, STIM,
Orai, and TRPC protein families have recently emerged as key
mediators of this Ca*" signaling pathway (7-15). In non-excit-
able cells STIM1 is localized to the endoplasmic reticulum (ER)
membrane and depletion of ER Ca®*, leads to a rapid confor-
mational change in STIM1, resulting in puncta formation and
translocation of STIM1 to ER/plasma membrane (PM) junc-
tional regions (9, 16). Orai and TRPC calcium channels local-
ized in the PM (7, 11-15), translocate to the ER/PM junction, in
response to Ca®>" store depletion, where they interact with
STIMI triggering Ca*>* influx (17, 18). Although SOCE has not
been widely studied in cardiomyocytes, recent studies have
shown that STIM1-mediated SOCE plays an important role in
cardiomyocyte hypertrophy in both neonatal cardiomyocytes
and more recently the adult rat heart (19-23).

The O-linked attachment of [(-N-acetyl-glucosamine
(O-GlcNAC) to serine and threonine residues of nuclear and

2The abbreviations used are: SOCE, store-operated calcium entry; CCE,
capacitative calcium entry; NRVM, neonatal rat ventricular myocytes;
O-GIcNAc, O-linked B-N-acetyl-glucosamine; OGT, O-GlcNAc transferase;
GlcNAcase, N-acetylglucosaminidase; HBP, hexosamine biosynthesis path-
way; SERCA, sarcoplasmic reticulum Ca® " ATPase; RyR, ryanodine receptor;
GIcN, glucosamine; TMG, thiamet-G.
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cytoplasmic proteins is rapidly emerging as a key mediator of
numerous biological processes including transcription; transla-
tion; nuclear transport and cytoskeletal assembly. This atypical
protein glycosylation takes place primarily in the cytosol and
the nucleus, rather than the secretory pathway, and is regulated
by the activities of two key enzymes, O-GIcNAc transferase
(OGT) and N-acetylglucosaminidase (O-GlcNAcase). The lev-
els of protein O-GlcNAcylation are also dependent on the
metabolism of glucose via the hexosamine biosynthesis path-
way (HBP), which leads to the formation of UDP-GIcNAg, the
substrate for OGT and the essential sugar donor for O-GIcNAc
formation. Acute activation of O-GIcNAc levels has been
shown to be an endogenous stress response, and augmentation
of this response increased tolerance of cells to stress, whereas
its attenuation increased cell death (24). Conversely, sustained
increases in O-GlcNAc have been implicated in a number of
chronic diseases such as cancer, neurodegenerative diseases,
diabetes and diabetic complications. Indeed, activation of the
HBP and the resulting increase in O-GIcNAc levels have both
been implicated in the adverse effects of diabetes on a variety of
cells and tissues, including the heart. We recently reported that
phenylephrine and angiotensin II induced hypertrophic signal-
ing was blunted in cardiomyocytes from type-2 diabetic db/db
mice, which was mediated at least in part by increased HBP flux
and elevated protein O-GlcNAc levels (25).

Interestingly glucosamine, which increases HBP flux and
leads to increased O-GlcNAc levels, inhibited SOCE in both
J774 macrophages (26) and cardiomyocytes (3, 4); furthermore,
hyperglycemia, which also increases HBP flux and O-GIcNAc
levels has been shown to inhibit SOCE in both vascular smooth
muscle cells (27) and cardiomyocytes (4). Of note, in car-
diomyocytes the attenuation of SOCE and subsequent hyper-
trophic signaling was reversed by inhibition of glucose entry
into the HBP (4). Furthermore, Nagy et al. reported that angio-
tensin II-induced increase in Ca®>* could be attenuated by
increasing cardiomyocyte O-GlcNAc levels either by inhibiting
O-GlcNAcase or by increasing the HBP with glucosamine (28).

Taken together these data support the notion that activation
of cardiomyocyte O-GlcNAcylation attenuates SOCE. There-
fore, given the central role of STIM1 in mediating SOCE, we
postulated that increased O-GIcNAc levels would inhibit
STIM1-mediated Ca>" entry and further that STIM1 itself
would be a target for O-GlcNAcylation and that this would be
associated with decreased activation of STIM1.

EXPERIMENTAL PROCEDURES

All animal experiments were approved by the University of
Alabama at Birmingham Institutional Animal Care and Use
Committee and conformed to the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Reagents and Plasmids—All reagents were purchased from
Sigma, unless stated otherwise. Calcium chloride, magne-
sium chloride, and potassium chloride were purchased from
Fisher Scientific (Pittsburgh, PA). Thiamet-G was from SD
ChemMolecules LLC (Owings Mills, MD). Thapsigargin and
culture medium products were purchased from GIBCO Invit-
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rogen (Grand Island, NY). Both adenoviruses, YFP-STIM1 and
mCherry-Orail, were from Vector Biolabs (Philadelphia, PA).

Immunohistochemistry—Hearts were perfused as previously
described (29, 30), and then perfusion-fixed with 4% parafor-
maldehyde, stored in 70% ethanol until paraffin embedding,
and sectioned at 5 um before being mounted on slides; depar-
affinized in xylene; rehydrated in ethanol; and blocked with 5%
goat serum in 1% bovine serum for 1 h at room temperature.
Sections were incubated with primary antibodies against
STIM1 (1:50; LB-B1880, LifeSpan BioSciences, Seattle, WA),
sarcoplasmic/endoplasmic  reticulum calcium-ATPase 2
(SERCA, 1:400; PA1-21904, Thermo Fisher Scientific, Rock-
ford, IL), and ryanodine receptor 2 (RyR, 1:50; ARR-002, Alo-
mone Labs, Jerusalem, Israel) diluted in 5% goat serum in 1%
bovine serum overnight at 4 °C; appropriate secondary anti-
bodies conjugated to either Alexa Fluor 488 (green) or 594 (red)
(Invitrogen, Carlsbad, CA) were used to visualize the specific
proteins, with 4',6-diamidino-2-phenylindole (DAPIL; blue) to
identify nuclei. Midwall sections of the left ventricular free wall
were examined and image acquisition was performed on a Zeiss
Axioplan 2 epifluorescence microscope with an AxioCam
MRm cooled CCD camera and AxioVision software (Carl Zeiss
Microimaging, Thornwood, NY). Linescans to detect intracel-
lular patterns of O-GlcNAc distribution were generated using
Image] software (National Institutes of Health, Bethesda, MD).

Membrane Fractionation—For preparation of the membrane
compartment, heart tissue was homogenized in ice-cold lysis
buffer containing, in mm: 20 Tris (pH 7.4), 5.0 EDTA, 250
sucrose, 1.0 phenylmethanesulfonyl fluoride, and 2.5% protease
inhibitor mixture. Tissue homogenates (20% w/v) were centri-
fuged at 1,000 X g for 10 min to remove nuclei and debris, and
the supernatant was ultracentrifuged at 110,000 X g for 75 min
at 4 °C to pellet the crude membrane fraction (both the sar-
colemmal and microsomal subfractions). The resulting pellet
was resuspended in solubilization buffer (50 mm Tris (pH 7.4),
100 mm sodium chloride, 50 mM lithium chloride, 5 mm EDTA,
0.5% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate,
0.05% (w/v) SDS, and 0.02% (w/v) sodium azide) using a glass
homogenizer. After incubation for 30 min on ice, the remaining
insoluble material was collected by centrifugation (14,000 X g,
10 min, 4 °C). Equal protein amounts of the supernatant (par-
ticulate membrane fraction) were suspended in 2X Laemmli
buffer (Bio-Rad), boiled for 5 min, and then immunoblotted
and visualized as described below. Anti-Pan-cadherin,
-SERCA, and -GAPDH antibodies (Abcam, Cambridge, MA)
were used to verify the purity of membrane, the abundance of
ER membrane in the membrane fractions and cytoplasmic frac-
tions, respectively.

Neonatal Rat Ventricular Myocyte Primary Culture and
Infection—Primary cultures of neonatal rat ventricular myo-
cytes (NRVMs) were obtained from 2-3-day-old neonatal
Sprague-Dawley rats and cultured as described previously (3,
31). NRVMs were grown on collagen-coated plates in culture
growth medium containing 15% fetal bovine serum (FBS) on
the first day. On the next day, medium was replaced, and cells
were grown in culture growth medium without FBS. Within
1-2 days of isolation, a confluent monolayer of spontaneously
beating NRVMs had formed. On the third day after isolation,
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NRVMs were infected with an adenovirus encoding enhanced
yellow fluorescent protein linked to STIM1 (eYFP-STIM1, 2
moi) with or without another adenovirus encoding one of the
fruit fluorescent proteins, mCherry, linked to Orail (mCherry-
Orail, 5 moi). After overnight infection, cells were subjected to
SOCE stimulation as described below.

Immunoprecipitation and Immunoblot—Heart tissue (10
mg) was homogenized in 1 ml of T-PER (Pierce) supplemented
with 40 uM PUGNAc (Toronto Research Chemicals, North
York, Ontario, Canada), 1 mm sodium orthovanadate, 20 mm
sodium fluoride, and 5% protease inhibitor mixture and lysed
for 60 min on ice. Cultured NRVMs were lysed for 30 min on ice
with 1X RIPA buffer (50 mm Tris'HCI, pH 8.0, 150 mm NaCl,
1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 1 mm
EDTA, and 0.1% SDS] containing 2% protease inhibitor mix-
ture (Sigma) and 40 um PUGNALC, at the end of thapsigargin (5
mwm) plus EGTA (2 mm) treatment. Consistent with our earlier
studies, PUGNAc was present throughout the lysis protocol to
inhibit O-GIcNAcase, thereby preventing loss of O-GlcNAc
(32).

Lysed proteins from heart tissue or NRVMs were harvested
by centrifuging at 15,000 X g for 15 min, and protein concen-
tration of the supernatant was assessed using the Bio-Rad Pro-
tein Assay Kit (Bio-Rad). Samples containing equal amount of
protein (1000 pg for tissue and 500 ug for NRVMs) were mixed
with polyclonal rabbit anti-STIM1 antibody (#4916, Cell Sig-
naling, 1:50) or anti-GFP antibody (ab6556, Abcam, 1:250)
overnight at 4 °C with protein A-agarose beads (Upstate). The
agarose beads then were washed three times in PBS containing
1% Nonidet P-40 followed by three additional washes with PBS.
Antigens were eluted from the beads and boiled for 5 min in
Laemmli buffer prior to SDS-PAGE. Immunoblots were
incubated with anti-Orail (#1280, Cell Signaling, 1:500),
anti-O-GlcNAc (CTD 110.6, Mary-Ann Accavitti, UAB
Epitope Recognition and Immunoreagent Core, 1:1000),
anti-phospho-MAPK/CDK substrates (#2325, Cell Signal-
ing, 1:1000), anti-STIM1 (1:1000) and/or anti-GFP (1:5000)
antibodies for overnight at 4 °C, followed by incubation with
appropriate secondary antibodies and chemiluminescence
visualization.

Fluorescence Imaging—NRVMs were plated at a density of
100 - 400 cells/mm? on eight-well slide chambers (NUNC) and
were infected with an eYFP-STIM1 or mCherry-Orail adeno-
virus 24 h prior to imaging studies. Cells were then pre-treated
with or without glucosamine or thiamet-G (an OGA inhibitor)
for 1 h, washed with HBSS (H8264, Sigma) and CaCl, (1.2 mm)
and MgSO, (1.0 mm) for three times, then stabilized in HBSS
plus CaCl, and MgSO, for 30 min at room temperature. Live
imaging was performed on a Zeiss LSM710 confocal laser-scan-
ning microscope through a 20X objective lens. Images were
taken every 5 s with 37 or 97 cycles in total. Thapsigargin (5 mm)
plus EGTA (2 mm) were added between 4™ and 5™ cycle to
induce STIM1 puncta formation. For dose-response experi-
ments, cells were cultured on the slides, pre-treated with glu-
cosamine at 0, 50 um, 100 um, 0.5 mm, 1 mm, 5 mMm, or 10 mm or
thiamet-G at 0, 0.01 um, 0.1 um, 0.5 uM, 1 uM, or 5 uM for 1 h,
washed three times with HBSS, then treated with thapsigargin
in Ca®>*-free HBSS for 4 min. Cells were fixed with PLP fixative
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(2% paraformaldehyde, 0.075 M lysine, 0.037 M sodium phos-
phate, 0.01 M periodate) for 30 min, washed with PBS for 3
times, mounted to microscope slide with Vectashield® Mount-
ing Medium (Vector Laboratories), sealed upside-down on the
cover slide with nail polish and dried at room temperature
before imaging. The data were collected and analyzed using
light ZEN Elite and Image].

STIM1 puncta were analyzed using the “Analyze Particles”
feature in Image]. Briefly, after background subtraction, fluo-
rescent images are converted into a binary mask and puncta
were identified based on their relative intensity, compared with
background, size, and circularity.

Intracellular Ca®" Measurements—NRVMs were pre-
treated with or without glucosamine or thiamet-G for 1 h prior
to loading with Fluo-4 AM (1M, F-14201, Invitrogen) for 45
min, washed three times, then stabilized in HBSS plus CaCl,
and MgSO, for 30 min. Digital images were obtained in room-
temperature HBSS plus CaCl, and MgSO, using a Zeiss
LSM710 confocal laser-scanning microscope. Images were
taken every 15 s for 6 min to visualize KCl-activated Ca**/Sr**
entry or 12min for thapsigargin-activated Ca>" entry. During
imaging, the cells were treated with EGTA (2 mwm) first for ~2
min, stimulated with thapsigargin (5 um) for ~6 min and 1.2
muM Ca®" was then added back for 4 min. To test the permea-
bility of Sr**, SrCl, was applied instead of CaCl, for close to
2min; then Ca®" was added back for 2min. For KCl-activated
Ca**/Sr** entry, KCI (30 mm) plus SrCl, (1.2 mm) or CaCl, (1.2
mM) was added for 4 min after EGTA treatment. The fluores-
cence intensity was normalized to the initial fluorescence; thus
the normalized fluorescence is reported as F/F,. The data were
collected and analyzed using light ZEN Elite and Image] (ver-
sion 1.44).

Data Analysis—All data are expressed as mean = S.E. Com-
parisons were performed with Student’s ¢ test or one-way
ANOVA followed by Dunnett or Tukey’s multiple comparison
test as indicated in the figure legends. Statistically significant
differences between groups were defined as p < 0.05 and are
indicated in the figure legends.

RESULTS

STIM1 and Orail Are Expressed in the Adult Rat Hearts—
STIMI, sarcoplasmic reticulum Ca®** ATPase (SERCA) and
ryanodine receptor (RyR) were all present throughout the left
and right ventricles; however, to better visualize the striated
nature of the SR the images and analyses presented in Fig. 14
were derived from the midwall of the left ventricular free wall.
We show that STIM1 is not only present in the adult rat heart,
but also that it is co-localized with both SERCA and RyR, con-
sistent with it being localized to the SR. In Fig. 1B it is clear that
both STIM1 and Orail proteins are present in the membrane
fractions entirely consistent with data in non-excitable cells.

STIM1 Forms Puncta and Interacts with Orail upon SOCE
Activation in NRVMs—To better characterize STIM1 function
in cardiomyocytes, NRVMs were transfected overnight with
eYFP-STIM1 adenovirus and/or mCherry-Orail adenovirus
and live cell imaging performed before and after treatment of
cells with thapsigargin and EGTA to deplete SR/ER Ca>"
stores. Under resting conditions STIM1 was present in distrib-
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FIGURE 1. STIM1 in the adult rat heart. A, left: images of perfusion-fixed adult rat heart following immunohistochemical antibody staining showing co-local-
ization of STIM1 (green) with both SERCA2 and RyR consistent with SR localization in the midwall of the left ventricular free wall; Right: image analysis of
fluorescent intensities confirming co-localization of STIM1 with SERCA2 and RyR. B, representative STIM1 and Orail immunoblots from crude membrane

fraction of whole heart extracts.

uted reticular fashion, consistent with SR/ER localization; how-
ever, following thapsigargin/EGTA the appearance of intense
spots or puncta were readily observed within 1 min reaching a
steady state within ~3 min (Fig. 24, and supplemental Fig. S1).
Similarly in NRVMs transfected with mCherry-Orail, thapsi-
gargin/EGTA stimulated the formation of Orail puncta along
the membrane and this also co-localized with STIM1 puncta
formation (Fig. 2B). It should be noted that the imaging exper-
iments were performed at room temperature, consequently,
the kinetics of STIM1 puncta formation were slower and there-
fore more easily visualized than if studied at 37 °C. Thus, these
data demonstrate that in NRVMs, consistent with studies in
non-excitable cells, ER/SR Ca>" store depletion induces the
dynamic STIM1 puncta formation and the interaction between
STIM1 and Orail.

ALY
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Activation of Protein O-GlcNAc Levels Attenuates STIM1
Aggregation—We have previously demonstrated that SOCE is
attenuated when protein O-GIcNAc levels are elevated by
increasing flux through the HBP (3, 4, 28); therefore, we postu-
lated that increased protein O-GlcNAcylation would blunt
STIM1 puncta formation. To increase O-GIcNAc levels, we
used glucosamine, which increases O-GlcNAc synthesis, and
thiamet-G, a highly specific O-GlcNAcase inhibitor (33), which
blocks O-GlcNAc removal. In Fig. 3 we show the effects of 1 h
pretreatment with either glucosamine (5 mm) or thiamet-G (10
um) on STIM1 puncta formation induced by thapsigargin and
EGTA. In the control group, ~95% of NRVMs became STIM1
puncta positive within 3 min; however, this was significantly
attenuated by treatment with either glucosamine or thiamet-G
(Fig. 3B). The average number of puncta per cell also signifi-
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FIGURE 2. STIM1 forms puncta and interacts with Orai1 in NRVMs. A, eYFP-STIM1 infected NRVMs were treated with thapsigargin (TG, 5 um) plus EGTA (2
mm) to deplete ER/SR Ca®*. Left images from before (0 min) and at 1 and 3 min after treatment are shown. Images were recorded for up to 8 min following
treatment, with 5 s intervals and a total of 97 cycles. Right: image analysis of fluorescent intensities along the line as indicated at 0, 1, and 3 min, showing the
changesinintensities from diffuse at 0 min to puncta at 3 min. B, NRVMs, with combined YFP-STIM1 and mCherry-Orai1 infection overnight, followed by treated
with thapsigargin (TG, 5 um) plus EGTA (2 mm) to deplete ER/SR Ca ™. Left:images of STIM1 and Orai1 from before (0 min) and at 3 and 5min after treatment are
shown. Right: image analysis of fluorescence intensities along the line as indicated indicating co-localization of STIM1 and Orail1 following treatment.

cantly decreased from 60 = 7 to 27 * 3 with glucosamine or
25 *= 5 with thiamet-G treatment (Fig. 3C); however, puncta
size was unaffected (Fig. 3D).

To assess whether the attenuation of STIM1 puncta forma-
tion by glucosamine and thiamet-G might be mediated by
increasing protein O-GIcNAc levels we performed dose
response experiments for both puncta formation and protein
O-GlcNAc levels (Fig. 4). We found that glucosamine exhibited
an EC,, of ~214 um for inhibiting STIM1 puncta formation
(Fig. 4A) and EC,, of ~164 uM for increasing overall protein
O-GlcNAcylation (Fig. 4, C and E). As anticipated Thiamet-G
was effective at much lower concentrations exhibiting an ECg,
of ~104 nM for inhibiting puncta formation (Fig. 4B) and EC,,
of ~70 n™ for increasing overall protein O-GlcNAcylation (Fig.
4, D and F). The similarity between the EC,, for inhibiting
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STIM1 puncta formation and increasing O-GlcNAc levels pro-
vides strong support for the notion that the attenuation of
STIM1 puncta formation by glucosamine and thiamet-G are
mediated, at least in part by the increase in protein O-GlcNAc
levels.

Increased Protein O-GlcNAcylation Attenuates SOCE but
Not Voltage-gated Ca”* Entry—In Fig. 5A we show that, con-
sistent with attenuating STIM1 puncta formation, both gluco-
samine and thiamet-G significantly blunted subsequent Ca*"
entry. Since NRVMs also contain voltage-gated Ca>* entry
pathways, we assessed whether increasing O-GlcNAc levels
would also attenuate this Ca®" entry pathway. We confirmed
that this is also the case, since pre-treatment with glucosamine
had no effect on the increase in Ca®" that occurred by depolar-
izing the cells with high K" (Fig. 5B). This is also entirely con-
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FIGURE 3. STIM1 puncta formation was blunted by glucosamine or thiamet-G treatment. A, fluorescent images of NRVMs with eYFP-STIM1 transfection
overnight before (0 min) and 3 min following treatment with thapsigargin (5 um) plus EGTA (2 mm) to deplete ER/SR Ca® ™. Cells received either no pretreatment
(Control) or 1 h pretreatment with glucosamine (5 mm, GIcN) or Thiamet-G (10 um, TMG). B, percentage of cells with STIM1 puncta 3 min following thapsigargin
treatment. Data from 4 cultures, 4 or 6 biological repeats for each treatment from each culture and ~50 cells were counted for each repeat. *, p < 0.05 versus
CNT, one-way ANOVA with Dunnett’s multiple comparison test. White asterisks indicate puncta positive cells. C, average STIM1 puncta number per cell and D,
average puncta size 3 min following thapsigargin treatment. N = 5; * p < 0.05 versus CNT, Student’s t test.

sistent with other studies demonstrating that acute increases in
cardiac O-GlcNAc levels had no effect on contractile function,
which is mediated by voltage-gated L-type Ca®>" channels (29,
30, 34, 35).

SOCE mediated by STIM1 has been reported to involve
interaction with TRPC as well as Orail (7, 15, 36, 37). However,
it has been reported that TRPCs are relatively non-selective
Ca?" channels (38), whereas Orail is Ca®* selective (10, 39, 40).
Therefore to better characterize SOCE in cardiomyocytes, we
examined its divalent cation selectivity by taking advantage of
the fact that Sr>" interacts with Fluo-4 in a similar manner to
Ca®". In Fig. 5C we demonstrate that consistent with previous
studies (41), activation of voltage-gated Ca”>* entry resulted in
influx of Sr>". These data also indicate that Fluo-4 has a similar
sensitivity to both Sr** and Ca®". In Fig. 5D we show that
following store depletion the addition of Sr*" results in a rela-
tively small increase in fluorescence; whereas, the subsequent
addition of Ca®>" resulted in an increase in fluorescence similar
to that seen when Ca>* alone was added. These data are con-
sistent with the studies from Voelkers et al. (21), and demon-
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strate that in NRVMs, SOCE is Ca® " -selective, thus predomi-
nantly mediated by Orail, rather than TRPCs.

Therefore, consistent with the original studies of SOCE in
cardiomyocytes (6), these data demonstrate that both STIM1-
mediated SOCE and voltage-gated Ca>" entry pathways co-ex-
istin NRVMs and that the effect of increased O-GlcNAcylation
is specific for SOCE. It is also evident that STIM1-mediated
SOCE is more selective for Ca*>* than voltage-gated Ca>* entry,
supporting the notion that it is predominantly mediated by
STIM1-Orail coupling.

STIM1 Is a Target for O-GlcNAcylation—The results above
demonstrate an association between increased cellular
O-GIcNAc levels and decreased STIM1 puncta formation;
therefore, to determine if STIMI itself was a target for
O-GlIcNAcylation, we immunoprecipitated endogenous
STIM1 from control and glucosamine treated NRVM:s followed
by an anti-O-GIlcNAc immunoblot. As shown in Fig. 64, there
were multiple O-GlcNAc positive bands from both control and
glucosamine-treated groups, with a particularly intense band at
the appropriate molecular weight for STIM1; further, the inten-
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sity of O-GIcNAc staining was higher in the glucosamine-
treated groups. It can also be seen that the addition of 10 mm
GlcNAc markedly attenuated the O-GlcNAc-positive bands,
including the intense STIM1 band, confirming the specificity
for O-GlcNAcylation (Fig. 6B). We subsequently, determined
the effect of thiamet-G and thapsigargin on O-GlcNAc levels in
NRVMs and found that, while thiamet-G treatment signifi-
cantly increased STIM1 O-GlcNAcylation by ~2.5-fold (Fig.
6C), thapsigargin treatment had no effect (Fig. 6D).

It has been reported that ERK1/2 mediated STIM1 phos-
phorylation is required for SOCE activation in HEK293 cells
(42); in Fig. 6D we demonstrate that in NRVMs STIM1 phos-
phorylation is also significantly enhanced by thapsigargin
treatment. Interestingly, with thiamet-G pretreatment,
there was a significant increase in basal STIM1 phosphory-
lation, but there was no further increase with thapsigargin
(Fig. 6E).
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DISCUSSION

Evidence is accumulating that SOCE pathways are present in
excitable cells such as cardiomyocytes and contributes to the
activation of key Ca*" -sensitive pathways such as activation of
NFAT-mediated transcription (3, 6), similar to the accepted
function of SOCE in non-excitable cells (12). Although an
increasing number of proteins have been implicated in the reg-
ulation of SOCE (43), it is widely accepted that STIM1 is essen-
tial for activation of SOCE (12). Our earlier studies have shown
that increased HBP flux and/or protein O-GlcNAcylation was
associated with decreased SOCE in both excitable and non-
excitable cells (3, 4, 26, 29). Here, we demonstrate that
increased O-GlcNAcylation prevented STIM1 puncta forma-
tion, blunted STIM1-mediated SOCE, as well as increasing
O-GlcNAc modification of STIM1; these results provide a crit-
ical link between regulation of cellular O-GlcNAcylation and
Ca®" signaling. Given the broad role of SOCE in mediating
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Ca®"-dependent transcriptional events in numerous cell dependent Ca>" entry pathways or IP,-induced Ca>* release
types, these data provide a new mechanism by which O- from intracellular stores, such as SR/ER (44). However, Mar-
GlcNAcylation contributes to regulation of cellular function. chase et al. clearly showed that SOCE was present in car-

In excitable cells such as cardiomyocytes the predominant diomyocytes and indeed played a key role in agonist induced
view of Ca®" signaling is that it is regulated either via voltage-  hypertrophic signaling including activation of NFAT-mediated
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transcriptional pathways (3). More recently others have shown
that STIM1-mediated SOCE was involved in cardiomyocyte
hypertrophic signaling at the cellular level (21) and that in vivo,
increased STIM1 levels are associated with pathological hyper-
trophy (19, 20). Taken together, these studies demonstrate
growing support for the notion that STIM1-mediated SOCE
plays a key role in cardiomyocyte Ca®* signaling; however, little
is known about the acute regulation of STIM1 function in car-
diomyocytes. Prior to STIM1 being identified as one of the
molecular mediators of SOCE, hyperglycemia and glucosamine
were shown to attenuate SOCE in both macrophages and car-
diomyocytes; furthermore, inhibition of the HBP reversed the
effects of hyperglycemia (3, 4, 26, 29). We have also shown that
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increasing cardiomyocyte O-GlcNAc levels was associated with
adecrease in angiotensin II-induced increases in cytosolic Ca>"
entry (28). Therefore, in light of the fact that STIM1 is now
recognized as a key player in regulating SOCE, we postulated
that increased O-GlcNAcylation would interfere with normal
STIM1 function.

We first demonstrated that STIM1 was present in the adult
rat heart and co-localized with SERCA and RyR, indicating
localization to the SR, which is in agreement with accepted
models of SOCE in non-excitable cells as well as recent reports
of STIM1 in cardiomyocytes (19, 20, 21) and skeletal muscle
(46). A key feature of STIM1 mediated SOCE is the formation of
STIM1 oligomers in the ER membrane; therefore to determine
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the effects of increased O-GlcNAc levels on STIM1 function,
we first transfected neonatal cardiomyocytes with eYFP-
STIM1 and demonstrated that treatment with EGTA and thap-
sigargin to trigger depletion of SR Ca””, resulted in the rapid
formation of STIM1 puncta and subsequent co-localization
with Orail (Fig. 2). Under control conditions EGTA and thap-
sigargin treatment resulted in ~90% of cells becoming STIM1
puncta positive; however, increasing O-GlcNAc levels with
either or thiamet-G, significantly attenuated both the number
of puncta positive cells and the average number of STIM1
puncta per cell (Fig. 3). The fact that the EC, for increasing
O-GlcNAc and decreasing STIM1 puncta formation were sim-
ilar for glucosamine (~150-200 M) and thiamet-G (70-100
nM) provided further support for a link between
O-GlcNAcylation and regulation of STIM1 function (Fig. 4). It
should be noted that these experiments were not designed to
determine the effects of O-GlcNAcylation on the rates of
puncta formation or their reversibility; clearly such studies
would provide valuable additional insight in the mechanisms by
which O-GlcNAc modulates STIM1 function.

Furthermore, attenuation of STIM1 puncta formation by
both glucosamine and thiamet-G also blunted subsequent
entry of Ca>" (Fig. 5A), On the other hand, glucosamine had no
effect on voltage gated Ca>" entry induced by depolarization of
the cells with high K*, demonstrating that the effects of gluco-
samine and by inference O-GlcNAc are specific for STIM1-
mediated Ca®>" entry with no direct affect on voltage-gated
Ca®" entry (Fig. 5B). Voltage-gated Ca>" entry mediated by
L-type Ca>* channels play a central role in excitation-contrac-
tion coupling; therefore, these results are also consistent with
the fact that in the intact perfused heart neither glucosamine
nor OGA inhibitors had an effect on contractility (29, 30, 34,
35).

In skeletal muscle, the L-type Ca®>" channel-dependent exci-
tation-coupled calcium entry (ECCE) was observed in response
to SOCE (47-49). However, in NRVMs, L-type Ca®>" channel
inhibitors verapamil and nifedipine, had no effect on SOCE (3),
suggesting that in this cell type at least, SOCE does not trigger
further Ca®>" entry via voltage gated Ca®>"* channels. Interest-
ingly, although Orail is intrinsically a non-selective cation
channel, STIM1 has recently been shown not only to gate Orail
upon SOCE stimulation but also regulate its ion selectivity
through direct interaction (50). Therefore, the fact that in
NRVMs SOCE is highly Ca®* selective (Fig. 5D) supports the
concept that it is triggered by a STIM1-Orail-coupled process;
this is consistent with earlier report that both STIM1 and Orail
play a key role in cardiomyocyte SOCE (21).

Orail and TRPC have both been reported as SOC channels;
however, their activation and involvement during SOCE
remain unresolved. Although STIM1 interacts with both Orail
and TRPC channels it activates TRPC through its polylysine
domain and Orail through the SOAR domain, thereby allowing
both channels to function independently. SOCE has shown to
be Sr**-permeable and thus TRPC-mediated in RBL-2H3 (51),
vascular smooth muscle cells (52), and skeletal myotubes (47),
but not in astrocytes (53), C6 cells or A7r5 cells (41). These
studies clearly indicate that the relative contributions of Orail
and TRPCs to SOCE are cell type specific. Interestingly, in adult
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cardiomyocytes Hulot et al., observed that SOCE was non-se-
lective (20), suggesting that the SOC channel activation might
be not only cell-type but also development dependent.

While it is well accepted that STIM1 is essential for SOCE,
the mechanism(s) that regulate its function and are necessary
for leading to STIM1 oligomerization are less well understood.
However, the cytosolic C-terminal region of STIM1 contains a
PEST sequence (55), which is a region that has a high potential
for O-GlcNAcylation. We demonstrated that there is a basal
level of O-GlcNAcylation of STIM1 and both glucosamine and
thiamet-G increased STIM1 O-GlcNAc levels (Fig. 6, A and C).
Previously it has been shown in HEK293 cells that activation of
STIM1-mediated Ca*>™" entry was dependent on ERK1/2 phos-
phorylation of STIM1 (42); here we demonstrated that this is
also true in cardiomyocytes (Fig. 6D). We also found that while
thiamet-G treatment prevented the thapsigargin-induced
increase in STIM1 phosphorylation, thiamet-G also increased
basal STIM1 phosphorylation. Further studies are clearly
needed to better understand the interactions between STIM1
phosphorylation and O-GlcNAcylation; nevertheless, these
data support the notion that the attenuation of STIM1 puncta
formation and SOCE by glucosamine and thiamet-G was due to
increased O-GIcNAc modification of STIM1 and that increas-
ing STIM1 O-GlcNAcylation alters the regulation of STIM1
phosphorylation.

The goal of this study was to determine the effects of
O-GlcNAc on STIM1 puntca formation and STIM1-mediated
SOCE. Since STIM1 puncta formation is required for SOCE
activation, the attenuation of SOCE, observed with glucosa-
mine or thiamet-G pretreatment, could be attributed partially,
if not entirely due to their effects of increased O-GlcNAc levels
on STIM1. However, we also cannot rule out the possibility that
increased cellular O-GIcNAc levels could also modulate the
interaction between STIM1 and Orail or directly modify Orail
or other components of the macromolecular SOC complex. It is
also worth noting that there are several potential phosphoryla-
tion sites on Orail (56) and that the cytoplasmic domains of
Orail have been reported interact with many other proteins,
including calmodulin (57), Golli (58), and Ca*"-ATPases (59,
60). Itis clear therefore, that O-GlcNAcylation has the potential
to regulate Orail function either directly or via modification its
partners. Additional studies such as the effect of altered
O-GIcNAc levels on CRAC currents could provide some
insights into whether increased O-GIcNAc levels might have a
direct effect on Orail function.

A role for STIM1-mediated Ca>" signaling in excitable cells
including cardiac and skeletal myocytes (61, 62), neurons (63)
and pancreatic B-cells (64) is gradually being appreciated; how-
ever, to our knowledge this is the first study to demonstrate that
STIML1 is a target for O-GlcNAc modification and that this is
associated with impaired STIM1 function and blunted SOCE.
This has implications not only for our understanding of the
regulation of STIM1 function under normal physiological
conditions, but also provides new insights into the how
changes in cellular O-GlcNAc levels affect cellular stress
responses. For example, we have demonstrated that acute
increases in O-GlcNAc prevent Ca®* overload induced by the
Ca®" paradox and ischemia/reperfusion injury. The Na*/Ca>"
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exchanger and L-type Ca®>" channels are typically associated
with mediating Ca®>* overload in the heart; however, recent
studies in the intact heart showed that during early reperfusion
there was a significant drop in SR Ca**(65), which would be a
trigger for STIM1 oligomerization. It is conceivable therefore
that O-GlcNAc modification of STIM1 could be a contributing
factor to the acute cytoprotective effects of increased
O-GlcNAcylation.

It is also of note that NFAT translocation, which we have
previously demonstrated to be mediated by SOCE (3) and is
essential for activation the hypertrophic transcriptional path-
ways, has recently been reported to be O-GIcNAc-dependent
(66). Furthermore, in hearts and cardiomyocytes from diabetic
animals we have shown that the contractile and hypertrophic
signaling responses to angiotensin Il and phenylephrine are sig-
nificantly blunted (25, 29). Since diabetes leads to chronically
increased cardiomyocyte O-GlcNAc levels (25, 54), it is entirely
possible that O-GlcNAcylation of STIM1 represents another
mechanism contributing to the adverse effects of diabetes. This
is also consistent with the observation that platelets from type 2
diabetic patients exhibit blunted SOCE, which was linked to
impaired association between STIM1, Orail, and hTRPC1/6
(45). Consequently, these findings also have potential implica-
tions for understanding the adverse effects of diabetes on Ca®>*
signaling in other cell types.

Taken together these data support the notion that activation
of cardiomyocyte O-GlcNAcylation attenuates SOCE via
O-GIcNAc modification of STIM1 and that this may represent
a novel mechanism underlying both the acute cytoprotective
effects of increased O-GIlcNAcylation as well as the adverse
effects of increased O-GlcNAc levels associated with diabetes
and aging. Further studies are clearly needed to identify the
specific sites of STIM1 O-GlcNAcylation and to better under-
stand the interrelationship between regulation of STIM1 func-
tion by O-GlcNAcylation and phosphorylation. Nevertheless,
given that SOCE is a fundamental mechanism underlying Ca>"
signaling in most cells and tissues, it is possible that STIM1
represent a critical nexus linking protein O-GlcNAcylation
with Ca?"-mediated transcription.
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